Introduction
In the ongoing search for an understanding of the phylogenetic and functional significance of the Neandertal facial skeleton, one feature of the mandible has frequently been cited as characteristic of Neandertals-the presence of a retromolar space (e.g. Coon, 1962; Howells, 1975; Wolpoff, 1980; Trinkaus, 1983 Trinkaus, , 1987 Stringer et al., 1984; Rak, 1986; Condemi, 1991) . A mandibular retromolar space, or the presence of a clear separation between the distal margin of the third molars and the anterior margin of the ramus in norma lateralis (Figure 1 ), is not unique to the "classic" Neandertals, but it occurs among them in a higher frequency than in most other Pleistocene Homo samples. Consequently, it is often included in lists of actual or probable Neandertal autapomorphies (e.g. Stringer et al., 1984; Condemi, 1991) and has figured prominently in recent discussions of the functional significance of Neandertal craniofacial morphology (e.g. Rak, 1986; Trinkaus, 1987; Spencer & Demes, 1993) . While most recent discussions of Neandertal mandibles and facial architecture have mentioned high Figure 1 . Two early last glacial Neandertal mandibles in norms lateralis, the Shanidar 1 specimen (above) with a clear retromolar space and the La Quina 9 specimen (below) lacking a retromolar space. Note that the anterior margin of the. La Quina 9 ramus is abraded above the level of the Mr, cervico-enamel junction, suggesting a possible retromolar space; upward extension of the preserved border clearly overlaps the in norma lateralir.
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frequencies of this trait, few studies have specifically considered the underlying significance of variation in retromolar space presence or absence.
Retromolar space presence/absence in hominid mandibles appears to have first been noted by Pelletier (1902) with respect to modern human variation (see also LeDouble, 1906) . Subsequently, their presence among the Neandertals was noted by Martin (1923) , in which he observed that La Quina 5 possessed an exceptionally large gap between the M3 and the 579 anterior ramus, larger than those documented by Pelletier (1902) and LeDouble (1906) for recent humans. However, the first use of retromolar spaces as a distinctive feature of the western European "classic" Neandertals was that of Coon (1962, pp. 535-537) , who argued that this feature was part of a constellation of cold adapted craniofacial traits centering on the forwardly projecting nasal apparatus (see also Wolpoff, 1980) . Following on this, Howells (1975) argued that the unique Neandertal facial configuration was a by-product of the combination of relatively retracted zygomatic bones and, more importantly, forwardly positioned dental arcades; mandibular retromolar spaces were thus seen by him primarily as a consequence of forwardly positioned teeth. While Howells did not discount adaptive specialization among the Neandertals for these features, as emphasized by Coon (1962) , he saw them primarily as having phylogenetic valence, specifically providing evidence for genetic discontinuity between Neandertals and early modern humans in Europe and the Near East. Trinkaus (1983) concluded that the degree of total facial prognathism among the Neandertals was similar to that of their non-Neandertal predecessors (see also Heim, 1976) , largely on the basis of a comparison between the earlier non-Neandertal (Shanidar 2 and 4) and later Neandertal (Shanidar 1 and 5) Shanidar remains. Furthermore, it was argued that the higher frequency of retromolar spaces among the later "classic" Neandertals was due to a combination of reduced mandibular ramus breadth (primarily) and shortening of the dental arcade (secondarily).
Subsequently, Rak (1986) argued that retromolar spaces among Neandertals were due to the combination of reduced posterior dental dimensions and a sagittal re-orientation of the infraorbital region which may have concomitantly carried the dental arcade forward. Rak, following Heim (1976) and Trinkaus (1983) , maintained that the proposed shifts in infraorbital orientation and posterior dental position occurred in the context of a stable prosthion position, and that these morphological changes, especially in the "classic" Neandertals of western Europe, were a direct response to unusually high occlusal loads on the anterior dentition. Although Rak's (1986) argument was phrased primarily in biomechanical terms, his conclusion was largely phylogenetic since he saw the Neandertals as having evolved a unique solution to a common biomechanical problem, thus representing a divergent Glade within the genus Homo (see also Rak, 1993) .
In response to Rak's (1986 ) arguments, Trinkaus (1987 considered a larger and more comprehensive sample of Neandertal Glade Middle and Late Pleistocene hominid remains to evaluate both Rak's (1986) biomechanical model (see also Demes, 1987) and his own previous (Trinkaus, 1983) interpretation of the evolutionary emergence of Neandertal mid-facial prognathism. On the basis of those comparisons, he concluded that retromolar spaces were a secondary consequence of a posterior "migration" (through differential resorption/apposition in normal growth zones) of the zygomatic and anterior mandibular ramal regions, in the context of little change in dental arcade length. Yet, Trinkaus (1987) did not evaluate the interplay of these three relevant variables (mandibular, dental arcade and ramal anteroposterior dimensions) in a multivariate manner, limiting his analysis to ratios of dental arcade length or ramal breadth to mandibular length and thereby restricting the inferential power of his analysis.
Most recently, Spencer & Demes (1993) argued that retromolar spaces, and many other aspects of Neandertal facial morphology, are a response to intensified loading of the anterior dentition coupled with the need to maintain a postcanine occlusal area sufficiently large for a high attrition diet. Specifically, they suggested that the high incidence of retromolar spaces among Neandertals was the result of different degrees of anterior migration of the molars and 580 R. C. FRANCISCUS AND E. TFt/NKAUS the masseter and temporalis muscles such that the molars are relatively more anteriorly positioned,] while the anterior teeth are more posteriorly positioned resulting in a shape change of the dental arcade. In their view, the anterior migration of the molar tooth row allowed the retention of the entire molar dentition within the most efficient bite force zone, and simultaneously facilitated the maintenance of a fully functional molar dentition without a sacrifice in occlusal area. Like Trinkaus' (1987) results, those of Spencer & Demes (1993) were interpreted in functional, not phylogenetic, terms.
In addition, Frayer (1992) reassessed the relevance of a retromolar space for phylogenetic interpretations of the Neandertal to early modern human transition in Europe. Following Wolpoff (1980) , and hence Coon (1962) and Howells (1975) , he argued that retromolar spaces among the Neandertals were a consequence of facial prognathism in that the mandibular teeth were anteriorly placed to maintain functional occlusion with an anteriorly placed maxillary dentition. However, he noted the absence of retromolar spaces in some European Neandertals (following Trinkaus, 1987) and its presence among some European early Upper Paleolithic specimens, and hence its limited use for making any phylogenetic distinctions between European late archaic and early modern humans.
In sum, the possible functional and phylogenetic significance of retromolar spaces has been debated and some have speculated on the spatial relationships between overall mandibular length, anterior ramus position and dental arcade dimensions and their possible effects on the presence/absence of retromolar spaces. Yet, no detailed analyses focusing specifically on these variables have been forthcoming. In this paper we set out to do the following: (1) present a comprehensive review and analysis of the temporal and regional distributions of retromolar space frequencies in the available Pleistocene non-habiline genus Homo sample; and (2) examine the correlation between these three mandibular measurements and the presence/ absence of a mandibular retromolar space in a smaller sample of the more complete mandibles.
Materials and methods
The fossil mandibular specimens used in this study include those complete enough to assess retromolar space presence/absence (n=77, Table 1), and a subset (n=22) providing, in addition, the following measurements. Mandibular length: the direct midsagittal distance from incision to the transverse line across the middle of the mandibular condyles (Twiesselmann & Brabant, 1967, measurement no. 25) ; dental arcade length (Twiesselmann & Brabant, 1967, measurement no. 4 ; approximately the same as Martin, 1928 no. 80a): direct midsagittal distance from incision to the transverse line across the distal margin of the third molars; and ramus minimum breadth (Martin, 1928, no. 71a) : minimum anteroposterior width of the ramus (Table 2 ).
In the tabulation of retromolar space presence/absence in the more inclusive sample, observations were taken from original specimens, casts, and (when it could be verified that the view was strictly norma lateralis) photographs (see Howells, 1975) . A few of these specimens have the distal M3 immediately adjacent to the anterior ramal margin in norma lateratis; such Presence indicates a clear separation between the distal M3 crown and the anterior ramal margin in narrna laterales, absence indicates a clear overlap between the M3 and the anterior ramal margin in norena Interalis, and absence/ presence indicates that the anterior ramal margin passes immediately along the distal margin of the For the last, percentages arc computed counting those individuals as 0.5. Observations in parentheses represent estimations of the morphology given damage to the specimen. Data from: Matiegka, 1934; Arambourg, 1963; Tobias, 1967; Howells, 1975; Ferembach, 1976; Lumley et al., 1982; Stringer et of, 1984; Thoma, 1984; Trinkaus, 1987, personal observation; 1 171'eck, 1991; Asfaw et al., 1992; Frayer, 1992 ; Franciscus, personal observation. All frequencies refer to the percent with a retromolar space present.
specimens were scored as "present/absent" and counted as 0.5 in the percentage calculations (Table 1 ). The coding definitions used here: "presence", "absence" and "presence/absence", as with many other discrete trait definitions (see Hauser & DeStefano, 1989) , divide up a continuum which could, alternatively, be evaluated using metric quantification. However, discrete categories for retromolar space presence have been widely used in many previous publications with apparent ease of standardization and replication, and no operationalized metric quantification for this trait exists to our knowledge. Additionally, any perceived objectivity via metric measurements must be weighed against the well-documented increase in intra-observer and inter-observer error associated with such small measurements combined with the difficulty in establishing landmarks on the anterior ramus.
The measurements were taken whenever possible on the original specimens; these were supplemented by measurements taken from published descriptions of specimens and from 1939; Twiesselmann, 1973; Heim, 1976; Lumley et al., 1982; Vandcrmeersch, 1981; Trinkaus, 1987; Tinier, 1991 ; Franciscus & Trinkaus, personal observation. *Indicates a measurement taken on a cast.
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casts when it was possible to verify the accuracy of the cast against published dimensions (see Table 2 ). A few of the measurements vary slightly from those previously published (e.g. Trinkaus, 1987) as a result of remeasurement of the original specimen (Montmaurin 1) or reconstruction of the facial skeleton (Shanidar 4). Only mature specimens (based on eruption of the M3) were included.
For the analysis of the temporal distribution of retromolar space frequencies in Pleistocene non-habiline genus Homo fossils (Table 1 ), the total sample was divided into Early/Middle Pleistocene Homo, last interglacial archaic, early last glacial archaic, "last interglacial" (Near Eastern Middle Paleolithic) early modern, and mid-last glacial (pre-20 ka B.P.) early modem 584 R. G. FRANCISCUS AND E. TRINKAUS Table 3 Fisher's exact test two-sided P-values for comparisons of retromolar space frequencies (based on raw counts) between major temporal samples (see Table 1 (Mehta & Patel, 1992) Since the global (2 x 5) Fisher's exact test provides a highly significant P-value (0-0001), no multiple comparison correction was employed.
*P.<0.05; "P-(0.01. Since Stat-Xact requires integer values, the P-values for the comparisons between the last glacial early modern human sample and the others were calculated as the mean of 6 vs. 15 and 7 vs. 14.
For comparisons with the last glacial archaic human sample, the value is for the sample of Neandertal Glade (European and Near Eastern) specimens only (s= 19). For the last interglacial early modern human sample, the P-values were calculated using the total (Near Eastern and southern Africa) sample, followed by the Near Eastern sample alone (in parentheses).
For the raw counts for each sample, see Table I. human samples. The first and last samples are geographically heterogeneous, although the last contains predominantly European specimens. The two later archaic human samples consist of European and Near Eastern (Neandertal Glade) specimens plus the north African Haua Fteah 1 mandible; note that two specimens (Banolas 1 and Tabun 2) have been reassigned, relative to the list in Trinkaus (1987) , to early last glacial and last interglacial temporal samples, respectively, based on redating of their geological contexts (Griin et al., 1991; Julia & Bischoff, 1991) . In addition, since retromolar spaces have been considered as possibly autapomorphous for the Neandertal Glade, the comparison of last glacial archaic human retromolar space percentages was clone without the non-Neandertal north African Haua Fteah 1 specimen (Table 3) .
The "last interglacial" early modern human sample contains specimens from the Near Eastern Middle Paleolithic sites of Qafzeh and Skhul, plus the southern African Middle Stone Age (MSA) sites of Border Cave and Klasies River Mouth. The Skhul sample is included here with the morphologically similar Qafzeh remains, even though it may derive from last interglacial and/or early last glacial deposits (McDermott et al., 1993) . The inclusion of the Border Cave and Klasies River Mouth material is more problematical. The Border Cave fossils, although clearly modern in morphology (Beaumont et al., 1978; Rightmire, 1984) , may be intrusive into the MSA levels at the site (Klein, 1989) , making them potentially significantly more recent. The Klasies River Mouth material is securely last interglacial in age (Deacon et al., 1988; Gran et al., 1990) , but there is continued debate as to whether it represents relatively orthognathic late archaic humans or early modern humans (Brauer, 1984; Rightmire, 1984; Rightmire & Deacon, 1991; Smith, 1992) . These MSA human remains are included in this last interglacial early modern human sample, with the caveat that they may belong elsewhere. To adjust for this, the comparisons of retromolar space frequencies for the last interglacial early modern human sample were calculated with both the total sample and with just the Near Eastern remains (Table 3) .
The correlational analysis of mandibular metrics and retromolar space presence/absence was based on a smaller sample of relatively complete mandibles (n=22, Table 2) consisting of members of the genus Homo ranging from the Early Pleistocene to the middle of the last glacial from Europe, the Near East, eastern Asia and Africa. All except two of these specimens, Qafzeh 9 and Skhul 5, are normally considered "archaic" members of the genus Homo; these two specimens, although early modern human in their total morphological patterns (Vandcrmeersch, 1981; Trinkaus, 1983 Trinkaus, , 1984 Trinkaus, , 1993a , nonetheless derive from samples exhibiting relatively archaic craniofacial configurations (Corruccini, 1992; Kidder et al., 1992) .
Most of this subsample (n= l7) consists-of Neandertals and their predecessors from Europe and the Near East and is thus predominantly a "Neandertal lineage" sample. As such, it is appropriate for examining mandibular morphology and retromolar space frequency within the evolving Glade which led to the "unique" Neandertal facial morphology characterized, in part, by its high frequency of retromolar spaces. While there is ongoing debate regarding the role of the Neandertals in modern human origins, there is sufficient consensus that Neandertals evolved from more archaic members of the genus Homo in Europe and the Near East to permit the delineation of this largely geographical Glade sample (e.g. Hublin, 1978 Hublin, , 1988 Lumley, 1978; Stringer et al., 1979 Stringer et al., , 1984 Stringer, 1985 Stringer, , 1993 Rosas, 1987; Trinkaus, 1991; Arsuaga et al., 1993) . There is no intention here to resolve ongoing arguments regarding the phylogenetic relationships of this lineage to later hominid groups, only to shed light on the morphological determinants of retromolar space presence/absence among Pleistocene members of the genns Homo.
The between-sample variation in retromolar space frequency was evaluated using Fisher's exact test (two-sided with an H0 of between sample equality). The exact iterative calculations of P-values were performed on the raw counts using StatXact Turbo (Mehta & Patel, 1992) .
The correlations between the three anteroposterior mandibular dimensions and retromolar space presence/absence were evaluated using logistic regression analysis. Fnll and rednced models were tested where the response variable (7) is the dichotomous group indicator variable (0, retromolar space absent; and 1, retromolar space present), and the predictor variables (X1, X2, X3) are mandibular length (ML), dental arcade length (DAL), and ramus breadth (RB), respectively. Logistic regression is based on the logistic function, an S-shaped surface with inflection always occurring at the value 0.50. In this, the logistic function is:
in which P is the probability of a retromolar space being present (or r= 1), (P/1 -P) is the odds for Y, pi are the estimated parameters, and X. are the predictor variables. In other words, the log of the odds of response Y is a linear function of the three predictor variables.
The parameter vectors for a log linear discriminant function in this case are calculated by maximum likelihood using an iterative procedure [NCSS 5.03 (Hintze, 1991) ]. The significance of the parameter vectors is tested based on the x2 distribution, with degrees of freedom for a k parameter model= (k I), equal to the number of estimated slope coefficients; full and reduced models are evaluated based on r2 and the percentage of correct classification. This method is generally considered more appropriate than discriminant function analysis when the response variable is dichotomous (i.e. a two group case). Moreover, it is robust to violations of the basic assumptions of equality of variance-covariance matrices and multivariate normality (see Dillon & Goldstein, 1984; James, 1985; Fienberg, 1989; Dobson, 1990) .
Results

Distribution of retromolar spaces among Pleistocene Homo mandibles
The distribution of retromolar spaces in Pleistocene non-habiline and pre-20 ka B.P. Homo mandibles (Table 1) largely confirms the generally accepted (Howells, 1975; Stringer et al., 1984; Frayer, 1992) pattern. Retromolar spaces are absent from Early and Middle Pleistocene hominids from Africa and Asia, and they appear in Europe only in the later Middle Pleistocene, in the oxygen isotope stage 6 specimens from La Chaise and Ehringsdorf. Thereafter, in the Neandertal clade region of Europe and the Near East, about three-quarters of the specimens exhibit them, with no significant difference between the last interglacial and early last glacial archaic Homo samples across the region. Frequencies decrease to 60% in the Near Eastern Middle Paleolithic Qafzeh-Skhul early modern human sample and to 30.6% in European early modern humans. In this, the Fisher's exact test provides a global P<0.0001; it is produced primarily by highly significant differences between the Early/Middle Pleistocene sample and both the last interglacial and last glacial archaic human samples, as well as between the last glacial archaic and early modern human samples (Table 3) . Less pronounced differences are evident between the last glacial early modern and last interglacial archaic human samples and between the last interglacial (Near Eastern) early modern sample and the Early/Middle Pleistocene one. Finally, if the Klasies River Mouth and the Border Cave mandibles are deleted, given their ambiguous statuses, and the P-values with respect to the other samples are recalculated (Table 3) , the last interglacial early modern human samples become very close to the last interglacial archaic human sample, insignificantly different from the last glacial archaic sample, and marginally significantly different from the Early/Middle Pleistocene sample; however, the larger patterns evident in Table 3 would remain unchanged.
These comparisons of retromolar space frequencies, which can be based on fragmentary as well as largely complete mandibles, reinforce the interpretation of a high frequency of retromolar space presence being derived in later Pleistocene Neandertal Glade specimens relative to Early and Middle Pleistocene members of the genus Homo. Yet, the contrast in retromolar space frequency between these late archaic humans and early modern humans (especially from the Near East) is less pronounced and makes it difficult to see this feature as even a probable Neandertal autapomorphy.
Correlations between retromolar space presence/absence and mandibular variables
Means and standard deviations for mandibular measurements are presented in Table 4 . All three measurements are larger, on average, in the non-retromolar space sample (n=11) compared to the retromolar space sample (n=11). Equality of variances cannot be rejected for mandibular length and ramus breadth between these samples; however, with respect to dental arcade length there is significantly greater variance in the non-retromolar space sample. This is due to the Arago 13 mandible which has an extremely long dental arcade length. When Arago 13 is removed, the means for mandibular length are not statistically significantly different between the two groups; however, mean dental arcade length and ramus breadth are both significantly smaller in the retromolar space sample at P<0.05.
Results for the prediction of retromolar space presence/absence from the metric variables based on logistic regression are presented in Table 5 . We tested all possible combinations between the three predictor variables and the one response variable. Due to Arago 13's influence on heteroscedasticity in dental arcade length, we performed the analyses both with and without this specimen; the results, however, were not appreciably different. RMS, retromolar space; ML, mandibular length; DAL, dental arcade length; RB, ramus breadth. *Significant at P<0-05; "significant at P<0.01; ***significant at P<0005.
With respect to the three variables as individual predictors, the relationship between retromolar space presence/absence and mandibular length is not significant; however, both dental arcade length and ramus breadth as individual predictors have slopes which are significant. Based on r and percent correct classification, the best single predictor for 588 R. G. FRANCISCUS AND E. TRINKAUS Table 6 Predicted values for retromolar space ( retromolar space presence/absence is clearly dental arcade length. The best two predictor model is clearly dental arcade length+ramus breadth; this model has the highest percentage correct classification for retromolar space presence/absence (18/22 or 81.8%). The full model with all three predictor variables has the highest associated r2, although it predicts one less mandible correctly (17/22 or 77.3%) than the best two predictor model. Does the improvement in r2 in the full model result simply from the addition of a positively correlated variable (mandibular length), rather than a real improvement in the predictive power over the simpler model: dental arcade length+ramus breadth? To evalnate this question, we compared the hierarchies of ranking of the predicted values and the intercorrelations of the traits between these two models within the retromolar and non-retromolar space samples.
The predicted values for retromolar space presence/absence from the best reduced model and the full model are in Tables 6 and 7 , bivariate plots of the variables in these models are presented in Figure 2 , and the sample measurement correlations are in Table 8 . Together, these enhance the logistic regression results and provide further insight regarding the contribution of these variables to the presence/absence of the retromolar space. Scores greater than 0.5 (Tables 6 and 7) predict the presence of a retromolar space, and scores less than 0.5 predict their absence. With respect to the best two predictor model (dental arcade length+ ramus breadth) note, for example, that Regourdou l has the smallest value for dental Table 7 Predicted values for retromolar space (RMS) presence/absence from the logistic regression model: RNIS=mandibular length+ dental arcade length+ramns breadth
RMS (predicted)
Retromolar space: absent (=0) Predicted values arranged in hierarchical order. Cut-off points for prediction of I or 0=0.5. *Specimens which were incorrectly predicted. Upper right diagonal: non-retromolar space sample with and without Arago 1.3 (without in parentheses). Lower left diagonal: retromolar space sample. *Significant at P<0.05; "significant at P<0-01.. ML, Mandibular length; DAL, dental arcade length; RB, ramus breadth, arcade length and is tied for the smallest value for ramus breadth among all mandibles (Table  2 ) and the predicted score for this individual is also the closest to 1.0 for all specimens (Table  6 ). Conversely, Tighenif 3 has the second largest dental arcade length and ramus breadth in the entire sample and has a score close to 0-0. Note, however, that Arago 13 has the overall lowest score of all specimens, despite the fact that several other mandibles have higher values for ramus breadth; this reflects the greater contribution of dental arcade length to the combined model, and the fact that Arago I 3 has the largest overall dental arcade length in this sample. In the ramus breadth as. dental arcade plot, three specimens lie on the same data point, La Ferrassie 1, La Quina 9 and Zaffaraya 1, and there is one outlier in the lower right, the. Arago 13 specimen with its relatively long dental arcade and proportionally small ramus breadth.
Sample correlation coefficients (r) for mandibular measurements
MI-
The hierarchical ranking of predicted values for individuals in the retromolar space sample is less consistent from the full model to the best reduced model compared to the nonretromolar space sample. The greater alterations in ranking from Table 6 to 7 in the former sample suggests a greater influence of variation in mandibular length. The correlation between mandibular length and dental arcade length is markedly higher in the non-retromolar space sample (Table 8) ; thus mandibular length is essentially a redundant variable providing no new information. In the retromolar space sample, however, mandibular length is not significantly correlated with either of the other two variables and therefore provides some unique information. Thus, in the retromolar space sample, Shanidar 1, Krapina 59, La Ferrassie 1 and Tabun 2 all have slightly higher relative rankings in predicted scores from the full model as a result of their relatively longer mandibles; Regourdou 1, Skhul 5, Kebara 2 and Shanidar 2 all have slightly lower scores due to shorter mandibles, and Amud 1 whose mandibular length is in the middle of this range of mandibular lengths maintains its ranking. Note that Tabun 2 and La Ferrassie 1 have dental arcade lengths and ramus breadths which are greater than most of the rest of the retromolar space sample ( Figure 2) ; relatively longer mandibular lengths thus probably contributed more to a retromolar space in these specimens than for others in the retromolar space sample. This suggests that the full model (mandibular length + dental arcade length+ ramus breadth) with its associated increase in r2 is an improvement over the best two predictor model (dental arcade length+ ramus breadth).
In sum, it is clearly a combination of relatively shorter dental arcade lengths and smaller ramus breadths in the context of maintained (or only slightly reduced) mandibular lengths which best accounts for the presence of retromolar spaces in our sample.
Discussion and conclusions
Four explanations have been put forward in the literature which relate variation in specific dentofacial variables to the high frequency of retromolar spaces among Neandertals: (1) an anterior migration of the dental arcade (Coon, 1962; Howells, 1975; Wolpoff 1980) ; (2) a posterior "retreat" of the zygomatic and anterior ramal regions relative to a fixed molar position (Trinkaus, 1987) ; (3) a shortening of the dental arcade due to mesiodistal molar diminution (Rak, 1986) ; and (4) a shortening of the dental arcade due to a combination of anterior migration of the postcanine dentition and posterior migration of the anterior dentition (Spencer & Demes, 1993) .
Arguments invoking an increase in total facial prognathism (the distance from the temporomandibular region to the incisors) are contradicted by mandibular length data combined with data from relatively complete crania. These indicate that total facial length remains similar or even decreases slightly between earlier (pre-Late Pleistocene) archaic humans and the Neandertals (Table 4 ; see also Trinkaus, 1983 Trinkaus, , 1987 Smith & Paquette, 1989; Spencer & Demes, 1993) . This pattern remains when mandibular length is scaled to body size, using associated lower limb remains (Trinkaus, 1983) . It is therefore difficult to argue that retromolar spaces can be the product of an anterior migration of the dentition.
In light of the preceding analysis, it is a combination of reduced dental arcade lengths and reduced ramal breadths, in the context of maintained mandibular length, which best accounts for the increasing frequency of mandibular retromolar spaces between Early/Middle Pleistocene humans and late archaic members of the Neandertal lineage, and their presence in reduced frequencies among Near Eastern early modern humans. Thus the "zygomatic retreat" model (Trinkaus, 1987) and the dental arcade reduction models (Rak, 1986; Spencer & Demes, 1993) as spatial explanations for retromolar spaces are incorrect only in that they tended to focus on one determinant as primary.
Similarly, it appears that the more posterior position of the zygomatic root relative to the maxillary dentition of the Neandertals (Trinkaus, 1987 ) is due to both shortening of the maxillary dental arcade and posterior zygomatic retreat (Yaroch, 1994) . However, the existence of only one currently available and sufficiently intact and undistorted European and R. G. FRANCISCUS AND E. TRINICAUS Near Eastern Middle Pleistocene cranium (Petralona I) does not permit an equally detailed analysis of the relative contributions of these factors to the observed shift of the zygomatic root in relation to the maxillary molars between Middle and Late Pleistocene members of the Neandertal lineage. In light of this, the significance of any observations taken relative to maxillary or mandibular molar position, such as mental foramen position (e.g. Stringer et al., 1984; Condemi, 1991; Trinkaus, 19931) ) or zygomatic root position (e.g. Trinkaus, 1987) , remains unclear unless changes in the associated dentition are taken into account.
It is generally acknowledged that posterior tooth size decreased steadily through the Pleistocene, and that molar size reduction among Neandertals (to within recent human ranges of variation) occurred in the context of an anterior dentition which remained significantly larger than those of most recent human populations (Smith, 1976; Sheets & Gavan, 1977; Frayer, 1978; Brace, 1979; Wolpoff, 1979 Wolpoff, , 1982 Trinkaus, 1983; Bermudez de Castro, 1993) . Thus dental arcade length reduction among Neandertals clearly involved a more anterior positioning of the molars as a secondary consequence of mesiodistal molar diminution (Brace, 1979; Rak, 1986) . This is contra Spencer & Demes (1993) who argued for an undiminished postcanine dentition among the Neandertals.
Rather than molar diminution, Spencer & Demes (1993) posited that dental arcade length reduction in Neandertals was the result of both anterior migration of the postcanine dentition and posterior migration of the anterior teeth (i.e. a shape change of the dental arcade) based on their sample of crania. Transversely flat anterior dental arcades among Neandertals have been mentioned previously (e.g. Stringer et al., 1984) . However, the sample of currently available undamaged and non-resorbed Neandertal lineage maxillary alveoli is insufficient to test whether this anterior dental flattening is a derived characteristic of the Neandertals. The only available relevant data, that of Roth (1988) for mandibular dental arcade proportions, suggests but does not confirm that such anterior dental arcade flattening may have occurred. Consequently, it is most likely that although dental arcade length reduction among Neandertals may have been secondarily influenced by relatively flatter anterior dental arcades, it was primarily the result of mesiodistal diminution of the postcanine dentition.
In addition, these data indicate some "retreat" of the anterior ramal margin in the Neandertal lineage, presumably as a product of increased resorption along the anterior ramus border and/or decreased deposition on the posterior border during growth (Trinkaus, 1987; Enlow, 1990 ). This implies a modest reduction in the moment arm of temporalis (see also Anton, 1994) . It is therefore likely that there was some decrease in the effectiveness of at least temporalis, correlating with both the postcanine dental reduction and the overall diminution in craniofacial robusticity in the Neandertal lineage.
While postcanine dental and ramus breadth reduction in the context of maintained facial prognathism (and therefore, mandibular length) readily explains the spatial determinants of retromolar spaces among Neandertals, it is only a proximate mechanism. Posterior tooth size decrease from the Middle to Late Pleistocene probably occurred, at least in part, as a result of new food preparation techniques (e.g. cutting, pounding and grinding), including the increasing use of more elaborate pyrotechnology for cooking (Brace, 1979; Wolpoff, 1980 ; but see P. Smith, 1976a,b) . Such technological shifts undoubtedly decreased the amount of time and power of mastication required to reduce foods to digestibility, thereby reducing associated attritional loads on the postcanine teeth, as well as permitting the reduction of masticatory muscle cross-sectional area and effectiveness. However, it has become increasingly clear that patterns of Middle and Late Pleistocene posterior dental size reduction were complex and regionally variable (Bermudez de Castro, 1993) , although it is presently unknown to what extent this is conditioned by sexual sampling bias and variation in sexual dimorphism .
In the Neandertal lineage, in particular, this trend in posterior tooth and masticatory muscle area reduction due to technological change, and perhaps other factors, was coupled with the maintenance of large projecting faces, and thus a higher frequency of retromolar spaces. While a link between technology and posterior tooth size plus zygomatic and ramal reduction (at least as a general model) is likely, the ultimate cause for the maintenance of pronounced facial projection among the Neandertals is much less clear. Climatic, stochastic and especially biomechanical causes have been suggested; however, testing these hypotheses has not led to consensus (e.g. Rak, 1986 vs. Demes, 1987 and Trinkaus, 1987 Oleksiak, 1987 vs. Smith & Paquette, 1989 and Spencer & Demes, 1993 vs. Anton, 1994) . Thus while we are closer to identifying and refining the morphological complex of features which spatially determines the evolution of the later Pleistocene hominid face (and the variability within this complex), understanding its evolutionary significance remains an ongoing endeavour.
